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Abstract 
Single crystalline silicon foils were plastically bent by laser forming method. 
Single crystalline silicon foils of 0.05mm thickness were used for specimen and a 
50W Nd:YAG laser was employed for forming. Laser power and scanning velocity 
were varied under constant line energy density, and change of bending angle was 
investigated. Deformation behavior was also studied by using scanning electron 
micrograph and optical micrograph. From the experimental results, when line 
energy density was constant, bending angle was larger when both laser power and 
scanning velocity were larger. Comparing with CW mode and Q-sw pulsed mode of 
laser irradiation, bending angle was larger when CW mode was used. Bending 
angle did not depend on laser scanning direction. Line pattern in [100] direction 
was observed at just opposite surface of laser irradiation, although laser scanning 
direction was changed. 
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1. Introduction 
Weight and size reduction and higher performance are required for electric devices and 
semiconductor devices used in sensors, actuators, MEMS devices and so on. At present, 
silicon is the most popular material used for those devices. 
Micro devices such as MEMS are fabricated by layer integration processes. Since the 
thickness of the layers is very small comparing with the length and width of the devices, it 
is hard to manufacture devices having three-dimensional shape with large height. If it is 
possible to manufacture micro devices with three-dimensional shape, the weight and size of 
the device would be reduced and higher performance would be obtained. 
On the other hand, silicon has high adaptability with manufacturing process of 
electronic devices and combinations with other electronic devices. In addition, single 
crystalline silicon is superior material for not only electronic devices but also structural 
parts due to having good mechanical properties. Since silicon does not undergo plastic 
deformation at room temperature and show hysteresis and creep deformation, it is also 
suitable for spring materials of micro sensors. However, single crystalline silicon is brittle at 
room temperature, and its tensile strength is extremely smaller than compressive strength. 
Thus, it is difficult at room temperature and possible at only more than 700oC to deform 
plastically by conventional processing. So it is hard to fabricate micro parts made of silicon 
and having three-dimensional shape. 
 Recently, laser forming process is remarkable for forming sheet and foil materials *Received XX Xxx, 200X (No. XX-XXXX) 
[DOI: 00.0000/ABCDE.2006.000000] 
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without forming punches and dies. By this method, materials are plastically deformed with 
thermal stress induced by rapid heating due to laser irradiation. However sheet is formed 
with stretching by ordinary sheet metal forming processes, sheet is formed with 
compression at laser irradiated area by laser forming process. Thus, this process may be 
useful for forming brittle materials like silicon that is easy to fracture by tensile stress and 
very strong against compressive stress. In addition, when laser beam is irradiated to silicon 
foil, it is heated up and become ductile and easy to form plastically (1), (2). There are a lot of 
reports about forming sheets of carbon steel, stainless steel (3), aluminum alloy (4), (5), 
titanium alloy (6) and plastics (7), these are all ductile material, however, few researches are 
performed about forming brittle materials by laser forming process. 
 In the present study, laser forming of single crystalline silicon foils was carried out. 
Working conditions which are laser power, scanning velocity, defocus length, laser 
oscillation mode and scanning direction, were changed, and variation of bending angle was 
investigated. Laser power and scanning velocity were varied under constant line energy 
density. 
 
Nomenclature 
P : laser power, W 
F : Q-switch frequency, kHz 
V : laser scanning velocity, mm/s 
D : defocus length, mm 
N : number of laser scan 
E l : line energy density, J/mm 
θ : bending angle, ° 
 
 2. Experimental method 
2.1 Specimen 
 Specimen used in this study was single crystalline silicon foils which plane direction is 
(001). The thickness of the specimen was 0.05mm. Specimen was made by cutting single 
crystalline silicon foil by Q-sw YAG laser. Specimen dimension is shown in Fig. 1. In 
addition, two types of specimen having crystal direction of [100] or [110] in width direction 
were prepared. 
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Fig. 1 Dimension of specimen 
2.2 Working conditions and experimental procedure 
 A 50W Nd:YAG laser operating in both continuous wave mode (CW mode) and Q-sw 
pulsed mode was used. Table 1 shows the working conditions. Effect of laser power, 
scanning velocity, defocus length and laser oscillation mode on bending angle was studied. 
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Bending angle was calculated from three-dimensional shapes of before and after forming 
measured by a laser displacement sensor.  
 Table 1 Laser working conditions 
Laser oscillation mode CW, Q-sw pulsed 
Wavelength  [nm]  1064 
Laser power, P [W] 22~28 
Scanning velocity, V [mm/s] 35~70 
Defocus length, D [mm] -7.5~7.5 
Q-sw frequency, F [kHz] 10~60 
Number of scans, N  1~50 
Laser scanning direction                 [100]，[110] 
Atmosphere  Air 
 
Figure 2 shows experimental apparatus. A specimen was fixed to an end of specimen 
like a cantilever. Laser scanning direction was [100] or [110]. After laser forming, surface 
of laser irradiation and just opposite surface of laser irradiation were observed by an optical 
microscope. Cross section of laser irradiated part was also observed by a scanning electron 
microscope (SEM). 
 
PC(A)
Laser controller
Laser displacement sensor
PC(B)
NC table
Laser head
Specimen
Fig. 2 Experimental apparatus for laser forming 
 
3. Results and Discussions 
3.1 Specimens after laser irradiation 
Figure 3 shows appearance of silicon foils after laser irradiation in CW mode and Q-sw 
pulsed mode, respectively. Laser power was P=30W, scanning velocity was V=60mm/s, 
number of scans was N=50, defocus length was D=0mm and scanning direction was [100]. 
Q-sw frequency was F=30kHz. Bending angles obtained with CW mode and Q-sw pulsed 
mode were 47.9° and 41.3°, respectively. As shown in Fig. 3, bending of the single 
crystalline silicon foils by laser forming was confirmed. 
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(a) CW mode (b) Q-sw pulsed mode 
Fig. 3 Appearances of laser formed silicon foils (P=30W, V=60mm/s, N=50, D=0mm, 
F=30kHz, Scanning direction [100]) 
3.2 Effect of processing conditions 
3.2.1 Laser power 
 Figure 4 shows relation between bending angle θ and laser power P when scanning 
velocity was V=60mm/s, defocus length was D=5mm, the scanning number of times was 
N=100, scanning direction was [100] and operating mode was CW. As laser power 
increased, bending angle also increased until P=25W and was maximum at this point. This 
reason is considerable as follows. When laser power was less than 25W, supplied energy 
was lower and bending angle became smaller. When laser power was greater than 25W, 
laser irradiated surface was partially melted and restriction from neighboring area reduced, 
and then bending angle became smaller. 
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Fig. 4 Relation between bending angle and laser power (Scanning direction: [100], 
V=60mm/s, D=5mm, N=100, CW mode) 
3.2.2 Scanning velocity 
Relation between bending angle and scanning velocity V in the case when laser power 
was P=25W, defocus length was D=5mm, scanning number of times was N=100, scanning 
direction was [100] and operating mode was CW is illustrated in Fig. 5. Bending angle 
became greatest at V=50mm/s. This reason is also considerable as well as the case of laser 
power. When scanning velocity was faster than 50mm/s, supplied energy was smaller and 
bending angle was smaller. When scanning velocity was slower than 50mm/s, supplied 
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energy was too much and a part of laser irradiated surface melted, and then bending angle 
became smaller. 
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Fig. 5 Relation between bending angle and scanning velocity (Scanning direction: [100], 
P=25W, D=5mm, N=100, CW mode) 
3.2.3 Defocus length 
Figure 6 expresses relation between bending angle and defocus length D when laser 
power was P=25W, scanning velocity was V=50mm/s, scanning number of times was 
N=100, scanning direction was [100] and operating mode was CW. In this study, defocus 
length was defined that defocus length was D=0mm at the just focus position and it was 
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Fig. 6 Relation between bending angle and defocus length (Scanning direction: [100], 
P=25W, V=50mm/s, N=100, CW mode) 
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positive when specimen was separated from laser head, and negative when specimen was 
approached to laser head.  
Bending angle was almost constant when defocus length was from D=5mm to D=-5mm, 
and bending angle became greatest at D=0mm. It is considerable that the temperature 
gradient was most suitable for bending in the range from D=-5mm to D=5mm. This reason 
is considerable that supplied energy density was largest at the just focus position, however 
when absolute value of defocus length becomes larger, energy density was smaller but 
deformation area becomes larger and bending angle does not change very much. 
3.2.4 Oscillating frequency 
Figure 7 shows relation between bending angle and oscillating frequency when laser 
power was P=25W, scanning velocity was V=50mm/s, defocus length was D=0mm, 
scanning direction was [100] and scanning number of times was N=50. The bending angle 
formed in CW mode was larger than those in Q-sw pulsed mode. As frequency increases, 
bending angle became closer to that with CW mode. When oscillating frequency is small, 
peak power of one pulse is large and bending angle seems to be large, however, a distance 
between each laser irradiation position becomes large and number of formed points is small, 
and thus total bending angle becomes small 
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Fig. 7 Relation between bending angle and Q-sw frequency for silicon (Scanning direction: 
[100], P=25W, V=50mm/s, D=0mm, N=50) 
3.3 Constant line energy density 
From the experimental results mentioned above, the most suitable working conditions 
seems that laser power is P=25W, scanning velocity is V=50mm/s and defocus length is 
D=0mm. If line energy density El is defined by El=P/V, this means the laser energy per the 
unit length, the most suitable line energy density was El=0.50J/mm. Laser power and 
scanning velocity were changed under constant line energy density of 0.50J/mm with 
defocus length of D=0mm. Effects of the combination of the laser power, scanning velocity, 
scanning direction and laser oscillation mode on bending angle were studied. 
Microstructure observation was also carried out. The oscillating frequency of the Q-sw 
pulsed mode was fixed to be F=30kHz that was the half of the maximum oscillating 
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Table 2 Combination of laser power and scanning velocity 
Laser power, P [W] Scanning velocity, V [mm/s] 
20 
25 
30 
35 
40 
50 
60 
70 
  
frequency of the laser used in this study. Table 2 shows the combination of laser power and 
scanning velocity. 
3.3.1 CW mode, Scanning direction:[100] 
 Figure 8 shows relation between bending angle and number of scans when CW mode 
was used and laser scanning direction was [100]. As number of scans increased, bending 
angle also increased almost linearly. Although forming line energy density was constant, 
bending angle was larger when laser power and scanning velocity were larger. Although the 
line energy density was constant, degree of heat diffusion and temperature gradient changed. 
At high scanning velocity, there is little energy loss by the radiation into the air due to short 
forming time, and thus Since bending occurs by the temperature gradient in the thickness 
direction of the specimen, large temperature gradient happens with short forming time. For 
this reason, bending angle was large with large laser power and large scanning velocity. 
When scanning velocity was more than V=60mm/s, bending angle was constant. This is 
supposed that there is little influence of the energy loss by the radiation of heat.  
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Fig. 8 Relation between bending angle and number of scans (Scanning direction: [100], 
El=0.50J/mm, D=0mm, CW mode) 
3.3.2 Q-sw pulsed mode, Scanning direction:[100] 
 Figure 9 illustrates that relation between bending angle and number of scans when 
Q-sw pulsed mode was used and laser scanning direction was [100]. In the case of Q-sw 
pulsed mode, tendencies of effect of number of scans, bending angle, laser power and 
scanning velocity on bending angle were similar to those of CW mode case. But in Q-sw 
pulsed mode case, bending angle was smaller and the difference of bending angles was 
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larger when laser power and scanning velocity were changed.  
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Fig. 9 Relation between bending angle and number of scans (Scanning direction: [100], 
El=0.50J/mm, D=0mm, F=30kHz, Q-sw pulsed mode) 
3.3.3 CW mode, Scanning direction:[110] 
Figure 10 expresses that relation between bending angle and number of scans when CW 
mode was used and laser scanning direction was [110]. Tendency of relations between 
bending angle and number of scans was similar to that of laser scanning direction of [100] 
and there was little influence of scanning direction. 
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Fig. 10 Relation between bending angle and number of scans (Scanning direction: [110], 
El=0.50J/mm, D=0mm, CW mode) 
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3.3.4 Q-sw pulsed mode, Scanning direction:[110] 
 Figure 11 expresses that relation between bending angle and number of scans when 
Q-sw pulsed mode was used and laser scanning direction was [110]. The tendency of 
relations between bending angle and number of scans is similar to that of laser scanning 
direction of [100]. There was little influence of scanning direction as well as CW mode. 
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Fig. 11 Relation between bending angle and number of scans (Scanning direction: [110], 
El=0.50J/mm, D=0mm, F=30kHz, Q-sw pulsed mode) 
 
4. Observation 
4.1 Surface of laser irradiation 
Figure 12 shows optical micrographs of laser irradiated surface when laser power was 
 
 
(a) CW mode 
 
 
(b) Q-sw pulsed mode 
Fig. 12 Optical micrographs of laser irradiated surface of formed silicon (Scanning 
direction: [100], P=30W, V=60mm/s,  D=0mm, N=50) 
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P=30W, scanning velocity was V=60mm/s, defocus length was D=0mm, number of scans 
was N=50 and both CW and Q-sw pulsed modes were used. In the case of CW mode, the 
surface became smooth due to continuous laser irradiation. However, in the case of Q-sw 
pulsed mode, the surface became coarse because laser was irradiated discontinuously and 
stress concentration was occurred. 
4.2 Opposite surface of laser irradiation 
Figure 13 shows optical micrographs of just opposite surface of laser irradiation when 
laser power was P=30W, scanning velocity was V=60mm/s, defocus length was D=0mm, 
number of scans was N=50 times and CW mode was used. When laser scanning direction 
was [100], line pattern was observed in [100] at just opposite surface of laser irradiation 
(Figure 13(a)). However, when scanning direction was [110], line pattern was observed in 
[100] and [010] directions (Figure 13(b)).  
The single crystalline silicon has diamond crystal structure, and generally slip plane is 
{111} and slip line is [110]. In this study, plane direction of specimen surface was (001), 
and then slip line must be observed [110]. But, line pattern was observed in [100]. Cleavage 
plane of the single crystalline silicon is usually {111}. Furthermore, (110) is confirmed, too. 
If cleavage was {110}, line pattern can be observed in [100] at specimen surface. These line 
patterns may depend on not the working direction but the crystallography direction. 
Therefore, further investigation is necessary for understanding formation mechanism of 
these patterns. 
 
 
(a) Scanning direction: [100]  
 
 
(b) Scanning direction: [110] 
 
Slip plane Slip line  
(c) Slip systems 
Fig. 13 Optical micrographs of just opposite surface of laser-irradiation of formed silicon 
(P=30W, V=60mm/s, D=0mm, N=50, CW mode) 
 4.3 Cross section 
Figure 14 shows SEM images of etched cross section when laser power was P=30W, 
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(d) (c) (b)
(a) Observation position (b) Laser irradiation area 
 
(c) Heat affected zone (HAZ) 
 
(d) Matrix 
Fig. 14 SEM images of cross section of etched silicon (Laser scanning line [100], P=30W, 
V=60mm/s, D=0mm, N=50, CW mode) 
 
scanning velocity was V=60mm/s, defocus length was D=0mm, number of scans was N=50 
times, scanning direction was [100] and CW mode was used. Increase of thickness at the 
laser irradiated area, that is the characteristic shape by laser formed specimen, was 
confirmed. 
In Fig. 14 (b), pits were observed at the overall laser irradiation part. In Fig. 14 (c), 
distance among the pits became longer as observation position was closer to the matrix part 
and finally, it was hard to observe the pits. In Fig. 14 (d), the matrix part was not corroded. 
From Fig. 14, it seems that large plastic deformation occurs at the laser irradiated area. 
 
5. Conclusions 
In this study, formability of V-bending for the single crystalline silicon foils by the laser 
scanning was investigated. Followings were obtained from experimental results. 
(1) When line energy density was constant, bending angle was larger when both laser 
power and scanning velocity were larger. 
(2) Comparing with CW mode and Q-sw pulsed mode, bending angle was larger when 
CW mode was used. 
(3) Bending angle did not depend on laser scanning direction.  
(4) Line pattern in [100] direction was observed at just opposite surface of laser 
irradiation, although, laser scanning direction was changed. 
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